Ferrochelatase, the terminal enzyme in heme biosynthesis, catalyzes the insertion of ferrous iron into protoporphyrin IX to form protoheme IX. Human ferrochelatase is a homodimeric, inner mitochondrial membrane-associated enzyme that possesses an essential [2Fe-2S] cluster. In this work, we report the crystal structure of human ferrochelatase with the substrate protoporphyrin IX bound as well as a higher resolution structure of the R115L variant without bound substrate. The data presented reveal that the porphyrin substrate is bound deep within an enclosed pocket. When compared with the location of N-methylmesoporphyrin in the Bacillus subtilis ferrochelatase, the porphyrin is rotated by Ϸ100°and is buried an additional 4.5 Å deeper within the active site. The propionate groups of the substrate do not protrude into solvent and are bound in a manner similar to what has been observed in uroporphyrinogen decarboxylase. Furthermore, in the substrate-bound form, the jaws of the active site mouth are closed so that the porphyrin substrate is completely engulfed in the pocket. These data provide insights that will aid in the determination of the mechanism for ferrochelatase.
M
etallated tetrapyrroles are present in most organisms and participate in essential biochemical processes that include photosynthesis, oxygen transport, drug metabolism, transcriptional regulation, NO synthesis, and oxidative phosphorylation. Metallation of tetrapyrroles is catalyzed by a group of enzymes named chelatases. This group includes, but is not limited to, magnesium chelatase, which is essential for chlorophyll production (1) , and ferrochelatase, which is essential for heme production (2) . Because of the diverse functions of heme, the latter enzyme plays a critical role in human health. Human genetic defects affecting this enzyme have been identified and result in the disease erythropoietic protoporphyria (3) . Human ferrochelatase, with its [2Fe-2S] cluster (4, 5) , represents the convergence of tetrapyrrole synthesis with iron supply and must play a key role in overall body iron metabolism (6) .
Ferrochelatases from a variety of sources have been cloned, expressed, and characterized to various extents (2, 4) , but it is the Bacillus subtilis and mammalian ferrochelatases that have been studied most extensively. These two enzymes represent the broadest diversity among ferrochelatases examined to date with Ͻ10% sequence identity. The B. subtilis protein is a water-soluble, monomeric protein with no cofactors (7) , whereas the human enzyme is an inner mitochondrial membrane-associated homodimer with a [2Fe-2S] cluster in each subunit (8) . Nevertheless, there is clear structural similarity between these two enzymes. A comparison of the structures reveals a root-mean-square deviation of only 2.4 Å for the C ␣ atoms. The majority of the conserved residues are located in the active site pocket.
Since the initial work by DeMatteis' group that identified and characterized the ''green pigment'' in livers of 3,5-dicarbethoxy-1,4-dihydrocollidine-treated mice as N-methylprotoporphyrin, there has been considerable interest in N-alkylporphyrins as inhibitors of ferrochelatase (9) (10) (11) (12) . Because of the tight binding competitive inhibition of ferrochelatase by N-methylprotoporphyrin (13) , the fact that nonenzymatic metal insertion into porphyrins is facilitated by macrocycle distortion, and the observation that an antibody raised against N-methylmesoporphyrin (N-MeMP) IX catalyzes the insertion of metal ions (14) (15) (16) (17) , the general hypothesis has been that N-alkyl porphyrins are transition-state analogs (18) (19) (20) . The crystal structure of B. subtilis ferrochelatase with bound N-MeMP has served as the basis of mechanistic models for ferrochelatases (21) . These models, as well as resonance Raman and site-directed mutagenesis studies, assume that the N-MeMP observed in the crystal structure is bound in the active site of ferrochelatase in an orientation that is identical to the spatial orientation of the natural substrate/product (22) (23) (24) . Additionally, it has been assumed that the 36°macrocycle distortion observed in the N-MeMP-bound crystal structure represents a catalytic intermediate that occurs during normal turnover. Data presented herein provide evidence that these assumptions may not be valid.
To provide insight into the interaction of the physiological substrate with ferrochelatase, we have determined the structure of human ferrochelatase with bound protoporphyrin IX. The human ferrochelatase enzyme used in this investigation was an E343K variant that has a higher affinity for protoporphyrin IX in comparison to the wild-type enzyme. We have also collected higher resolution data for the previously reported R115L variant of human ferrochelatase (25) without bound substrate. The position of the substrate in the E343K variant is distinctly different from the previously reported orientation of N-MeMP in the B. subtilis ferrochelatase (21) . In addition to the spatial orientation of substrate within the active site of human ferrochelatase, this work also shows that the substrate-bound form of the enzyme possesses a ''closed'' active site conformation that is notably different from the structure of the inhibitor-bound B. subtilis ferrochelatase or the structure of the human enzyme without substrate. In both of the latter cases, the active sites are distinctly ''open.'' These observations provide insight into the ferrochelatase mechanism of catalysis and inhibition.
Results

General Description of the Overall Structure and Substrate Binding
Sites. The crystals of the E343K variant of human ferrochelatase belong to the triclinic space group P1 (see Table 1 ), whereas the space group for the initial structure of human ferrochelatase (containing the amino acid substitution R115L) reported by Wu et al. (25) is orthorhombic (P2 1 2 1 2 1 ). In the latter case, the asymmetric unit contained a single biological dimer. The different crystal symmetry between the substrate-bound form and the free enzyme suggests that substantial conformational differences exist between the two forms of the enzyme. Upon phasing and refinement, it was revealed that the asymmetric unit of the E343K variant of human ferrochelatase contains two copies of the biological dimer ( Fig. 1) , for a total of four peptide monomers and six protoporphyrin IX molecules. This finding is shown in Fig. 1 , which highlights the relative positions of the four monomers, six porphyrin molecules, and two detergent molecules, as well as the [2Fe-2S] clusters. The fact that substrate was observed in the electron density is of interest because substrate was not added during the expression, isolation, or crystallization of the E343K variant. One protoporphyrin molecule is found in each of the four active sites, and two are located at a noncrystallographic 2-fold axis. Interestingly, the two protoporphyrin molecules that are located at the noncrystallographic 2-fold axis are positioned at an interface just outside the entrance to the active sites of monomers B and D. This is the same region that detergent molecules occupy in the original structure of the R115L human ferrochelatase variant (25) . Consistent with previous work, we also see electron density for two detergent molecules bound at this interface ( Fig. 1 ). All enzyme subunits in both the E343K variant and the higher resolution R115L variant possess [2Fe-2S] clusters, as was reported previously for human ferrochelatase.
Comparison of the R115L variant that lacks bound substrate with the substrate-bound (E343K variant) form reveals that the enzyme with porphyrin bound possesses a significantly more ''closed'' active site conformation. The overall difference between these two conformations is illustrated in Fig. 2 . There is an average deviation of 3.5 Å between the R115L and E343K variants for the backbone atoms of residues 90-115. Substantial differences in the torsion angles of the peptide backbone for the substrate-bound structure in comparison with the substrate-free model are also observed for residues 302-313 and 349-361 (Fig.  2 ). In addition, there is a reorientation of numerous amino acid side chains in the active site pocket. The overall result is an active site that completely engulfs the substrate.
Protoporphyrin IX Binding and Active Site Structure. The binding of protoporphyrin IX is identical in all four of the ferrochelatase monomers in the asymmetric unit. A difference (F o Ϫ F c ) composite omit map and the model for the active site are shown in Fig. 3 . The omit map was generated by using the simulated annealing protocol with 7% of the model omitted during map generation. The planar and pseudosymmetrical nature of the protoporphyrin IX molecule makes it possible to model the substrate in either orientation with minimal impact on the R factor (Ͻ0.5%). However, if the porphyrin is rotated by 180°, then significant peaks appear in the difference map at the vinyl groups, suggesting that one orientation is preferred over the other.
It is important to note that the preparations of the E343K ferrochelatase protein generally contain slightly fewer than 0.5 protoporphyrin molecules per ferrochelatase dimer (26) . Thus, the E343K amino acid substitution does not cause ferrochelatase to irreversibly bind porphyrin but only increases the affinity of the enzyme for porphyrin. In contrast, the crystallographic data confirm that the substrate occupancy is 100% and the conformation is ''closed'' for all of the ferrochelatase monomers in the asymmetric unit. Because the substrate propionates are buried inside the active site and do not contribute to surface charge or crystallographic contacts, it is reasonable to conclude that all ferrochelatase molecules in the closed conformation, independent of the presence or absence of enclosed substrate, would crystallize under identical conditions. Because there is porphyrin-free enzyme in the initial crystallization setup, the lack of porphyrin-free ferrochelatase in the crystal lattice suggests that the substrate-free E343K variant is not in a closed conformation and that substrate binding alone results in the closed conformation. These conclusions are consistent with the longstanding use of crystallization techniques to isolate enantiomerically pure compounds from racemic mixtures. In the structural model for the E343K variant of human ferrochelatase, the protoporphyrin IX appears to be spatially positioned in the active site by a few key interactions. One of the protoporphyrin propionates forms a salt bridge with R115. This interaction is consistent with the published chemical modification data (27) . The other propionate participates in a hydrogenbonding network with the side chains of residues S130 and Y123 (Fig. 3A) . These types of salt bridge and hydrogen-bonding interactions have been observed before with the propionates of bound substrate in the crystallographic models reported for S-adenosyl-L-methionine-dependent bismethylase dehydrogenase/ferrochelatase (CysG) (28) as well as uroporphyrinogen decarboxylase (29) . In addition to the salt bridge and hydrogenbonding interactions, there are other amino acids on either side of the tetrapyrrole that are within 3.5 Å of the macrocycle center. These residues are shown in Fig. 3B and include residues M76 and H263. Interestingly, W310 (W256 in mouse numbering), a residue that has been proposed to be involved in saddling of the porphyrin during catalysis (24) , is farther from the porphyrin than predicted from the B. subtilis:N-MeMP structure, with a closest approach of 3.7 Å. R115L Ferrochelatase. A higher resolution structure of the R115L human ferrochelatase has also been solved (Table 1) . This variant form of human ferrochelatase has essentially identical catalytic properties as the wild-type recombinant human ferrochelatase. Two previously unreported features are revealed by our data (Fig. 4) . First, a molecule with substantially larger electron density than water is bound in close proximity to the side chains of Y123 and S130 (an 8 peak remained when modeled as a water molecule). When a chloride ion is placed in this position, there was no additional density observed in the difference map. The hydrogen bonding in this area is also consistent with the presence of a chloride ion (Fig. 4A) . Specifically, the imide proton from the peptide bond between residues H341 and I342 points toward the chloride atom. The proton on the side chain of S130 must also point toward the chloride atom because the ␥O of S130 serves as a hydrogen bond acceptor for another backbone proton (the peptide bond between residues 131 and 132). These observations are consistent with the binding of chloride in other crystallographic models (30) (31) (32) . Given the findings with the E343K variant, it is proposed that one of the substrate propionates displaces the chloride ion upon substrate binding.
The second feature revealed by these data is the presence of an imidazole in the active site of the R115L variant (Fig. 4B) . Of specific interest is the observation that the plane of the imidazole ring resides parallel to the imidazole ring from the side chain of residue H263. This position is strikingly similar to the position of the pyrrole ring of bound protoporphyrin substrate in the E343K variant described above. The arrangement of water molecules in the active site further supports our conclusion that this density is due to a bound imidazole molecule (Fig. 4B) . Given that our purification procedure employs a metal affinity matrix for which imidazole is used to elute the protein, it is likely that the imidazole observed in the structure arises from the elution buffer.
Discussion
Although a variant form of the human enzyme was used in this study, these data provide significant insights into the binding mode of the physiological substrate. The data reveal that when protoporphyrin is bound in the active site of ferrochelatase, the enzyme surrounds the substrate in a snug pocket. The pyrrole nitrogen of the protoporphyrin IX ''A'' ring is positioned directly under and 3.2 Å distant from the ring nitrogen of the conserved and centrally located H263 side chain.
The spatial position of the protoporphyrin substrate in the active site of human ferrochelatase is significantly different from what has been reported for the position of the ferrochelatase inhibitor, N-MeMP, in the structure of the B. subtilis enzyme. Although these two enzymes have little sequence identity, they do share similar monomeric structures, positioning of key active site residues, and kinetic characteristics. In fact, a number of published spectroscopic and catalytic studies on mouse ferrochelatase base their conclusions on the B. subtilis structures (22) (23) (24) . Thus, although possible, it seems unlikely that these two proteins would bind substrate and inhibitors in significantly different positions. The current data showing that the macrocycle is 4.5 Å ''deeper'' in the pocket and is rotated 100°in comparison to what was observed in the N-MeMP-bound ferrochelatase structure (Fig. 5) suggest that the previous assignment of specific catalytic roles to various active site residues needs to be reevaluated.
The structure of human ferrochelatase with bound protoporphyrin has significant differences in the position of several loop regions (residues 90-115, 302-313, and 349-361) when compared with the structure of human ferrochelatase without bound substrate. The positions of residues 90-115 are displaced an average of 3.5 Å, and the spatial positions of residues 302-313 and 349-361 are also substantially different from what is seen in the structure without bound substrate. In addition to the difference in the positions of atoms, several side chains are also reoriented within the active site pocket. In particular, the guanidino side chain of R164 is flipped 180°out of the pocket, the benzyl ring of F337 is flipped 90°and rotated into the pocket, and the side chains of H341 and M76 are rotated Ϸ90°. The overall effect is that the ''mouth'' of the active site pocket is closed in the presence of porphyrin and forms a snug fit around the porphyrin macrocycle. The two porphyrin propionates interact with active site residues via hydrogen and ionic bonds to ensure a highly specific spatial orientation of the porphyrin in the active site. This observation is consistent with the high degree of porphyrin substrate specificity (20, 33) and spectroscopic studies (34) on the enzyme. Similar observations have been made for another heme biosynthetic enzyme, uroporphyrinogen decarboxylase (28) . In this case, the propionate groups are also held in place through ionic interactions with arginine residues and hydrogenbonding interactions with tyrosine and serine residues. In comparison, the published B. subtilis ferrochelatase structures with and without bound N-MeMP do not show any difference in active site amino acid side chain orientations or overall active site pocket shape (21) .
One somewhat surprising finding is that the enzyme-bound porphyrin macrocycle is only modestly distorted (Ϸ11.5°bend). This distortion is significantly less than the 36°bend found with N-MeMP bound to the B. subtilis enzyme (21) . The bound porphyrin in the E343K variant has a modest saddle conformation that is consistent with theoretical calculations made by Sigfridsson and Ryde (35) for a B. subtilis ferrochelatase:porphyrin complex. Their theoretical model proposes a tilt of all four rings, with one pyrrole ring being 13-15°out of plane and the other three being 1-10°out of plane. However, because their model was based on the position of N-MeMP in the B. subtilis enzyme structure rather than what is reported here for the physiological substrate, protoporphyrin IX, some differences may be expected between the theoretical model and the crystallographic data for human ferrochelatase.
Previous resonance Raman studies have examined conformational changes that occur to porphyrins and metalloporphyrins on binding to ferrochelatase (22) (23) (24) . Although these data are consistent with some form of macrocycle distortion, the conclusions drawn by the authors were necessarily influenced by use of the B. subtilis:N-MeMP structure as the reference model. With the current structural data, new assignments for the spectral shifts can be made that may provide further insight into the ferrochelatase mechanism. Of additional interest is the crystallographic observation that human ferrochelatase not only binds porphyrin within the active site but also has associated ''free'' porphyrin nearby, but outside, the active site. This observation may account for the published resonance Raman data that reported spectra characteristic of both planar and ruffled macrocycle conformations (23) . These data were obtained for the mouse equivalent of the human E343Q variant enzyme. This variant form of mouse ferrochelatase, and the human E343K and E343H variants (26) , have significant amounts of bound protoporphyrin when purified.
Before the current data, catalytic models for ferrochelatase were largely influenced by the proposal that N-alkylporphyrins were transition-state analogs. Thus, when the structure of B. subtilis ferrochelatase with bound N-MeMP became available (21), the assumption was made that the N-MeMP was bound in the active site in an orientation similar to what would occur with the natural substrate protoporphyrin IX. This assumption has resulted in a number of studies that proposed specific roles for active site residues and has even served as the basis for a recently proposed model for metal substrate specificity (36) . On the basis of the data presented above, it would seem appropriate to reevaluate these current models.
Materials and Methods
Enzyme Expression, Isolation, and Crystallization. Mutagenesis, expression, and purification of human ferrochelatase were performed as described (8, 26, 37) . Concentration buffer for variants consisted of 0.045 M Tris-Mops (pH 8.1), 0.09 M potassium chloride, 0.9% sodium cholate, 0.225 M imidazole, and 10% glycerol. Crystallization was carried out by using the hanging drop method in the EasyXtal crystallization tool (Qiagen, Valencia, CA). Mother liquor for the R115L crystals consisted of 0.05 M calcium chloride, 0.1 M Bistris (pH 6.5), and 30% vol/vol poly(ethylene glycol) methyl ether 550. Mother liquor for the E343K ferrochelatase crystals consisted of 0.1 M Bistris (pH 5.5), 0.2 M magnesium chloride, and 25% wt/vol PEG 3350. Crystals typically took a minimum of 1 week at 18°C to grow. For both variants, the glycerol concentration was gradually increased to 20% before flash freezing the crystals in liquid nitrogen.
Data Collection, Structure Determination, and Refinement. Data for the R115L variant were collected on Beamline 8.2.2. at the Advanced Light Source (ALS) in Berkeley, CA, by using a single crystal rotated a full 360°. Data for the E343K variant were collected at the University of Georgia on a Rigaku (Tokyo, Japan) RU-200 rotating anode equipped with Osmic focusing mirrors and an R-axisIIc image plate detector. A single crystal was used, and a full 360°of data were collected. In all cases, molecular replacement, model building, and refinement were performed by using the programs O (38) and CNS (39) . All graphic representations were rendered by using PyMOL (40), Molscript (41), Bobscript (42) , and Raster3D (43). 
